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SUMMARY 

The Ignition delay times of benzene and toluene with oxygen diluted In 
argon were Investigated over a wide range of conditions. For benzene the con- 
centration ranges were 0.42 to 1.69 percent fuel and 3.87 to 20.3 percent oxy- 
gen. The temperature range was 1212 to 1748 K and the reflected shock pressures 
were 1.7 to 7.89 atm. Statistical evaluation of the benzene experiments pro- 
vided an overall equation with a 2a confidence level as follows: 

t = 1.26xl0" 15 exp(40 600/RT)[C 6 H 6 ]°* 42 [0 2 ]- 1 - 7 °[Ar] 0 * 44 sec 

For toluene the concentration ranges were 0.5 to 1.5 percent fuel and 
4.48 to 13.45 percent oxygen. The temperature range was 1339 to 1797 K and 
the reflected shock pressures were 1.95 to 8.85 atm. The overall Ignition 
delay equation for toluene after a statistical evaluation reads 

t = 5.28xl0" 15 exp(55 090/RT) [C 7 H 8 ]°- 55 [0 2 ]" 1 - 38 [Ar] 0 * 35 sec 

Detailed experimental Information Is provided. 


INTRODUCTION 

The oxidation kinetics of benzene and toluene has been studied since the 
early 1970's. Despite the time that has elapsed, the number of experimental 
Investigations has remained relatively low, and the kinetic path of the 
aromatic ring oxidation process has not been successfully explained. 

One of the first oxidation mechanisms for benzene was proposed by Asaba 
(ref. 1). According to this mechanism, phenyl radicals are formed from ben- 
zene, which reacts to give biphenyl molecules, and these were supposed to be 
the precursors of soot. The oxidation steps that Asaba proposed were Indeci- 
sive, and he assumed the formation of a phenyl peroxy radical In the process 
of the ring opening. 

Kern (ref. 2), who Investigated benzene pyrolysis with a mass spectrometer 
hooked to the shock tube, found neither phenyl radicals nor biphenyl radicals 
and molecules to be formed In the process. Although the lack of phenyl trace 
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was blamed on the low sensitivity of Kern's system, the unavailability of 
biphenyl species seems real. 

Glassman (ref. 3), who Investigated the oxidation of benzene In a flow 
reactor, proposed a mechanism by which the benzene Is transformed to flve- 
membered-rlng Intermediates, such as cyclopentadlene, which continue to decom- 
pose. 


This Investigation presents new experimental data on Ignition delay times 
for benzene-oxygen-argon and toluene-oxygen-argon mixtures. Although Ignition 
delay times are crude Information and nonspecific of any distinct occurrence 
In the oxidation kinetics, Ignition delay experiments are basic, highly repro- 
ducible, and Instrument Independent. Because of their positive properties and 
despite their drawbacks, Ignition delay experiments are popular among computa- 
tional kinetic 1 s ts and are used extensively for approval of kinetic schemes. 


EXPERIMENTAL PROCEDURE 

A single pulse shock tube was used In the experiments. The shock tube, 
made of stainless steel pipe, was flattened to a 6.35- by 6.35-cm (2.5- by 
2.5-1n.) square tube with rounded corners. The tube was honed and polished on 
all Inside surfaces. The dump tank was located at the end of the driver sec- 
tion and separated from It by an aluminum diaphragm. A second aluminum dia- 
phragm separated the driver and the driven sections. The two diaphragms were 
burst by an auxiliary short shock tube. This short shock tube had a third 
diaphragm that was burst by a hand plunger. 

The shock speed was measured over two separate Intervals with three pres- 
sure transducers whose signals were fed to a dual-channel digital oscilloscope. 
The shock speed was measured with an accuracy of ±0.1 ysec. A quartz pressure 
transducer was located In the side wall, 3 mm from the end plate. This pres- 
sure transducer was connected to a second dual-channel digital oscilloscope 
and was used to record and measure the Ignition delay time from the pressure 
history of the gas (fig. 1). The Ignition delay time was defined as the time 
from the onset of the reflected shock wave to the beginning of the pressure 
rise at Ignition. 

The mixtures were prepared In stainless steel tanks at 345-kPa total 
pressure by using a separate manifold. The gases and vapors were measured 
manometrlcally and allowed to expand Into preevacuated stainless steel tanks. 
High-purity argon was used to pressurize the tank to 345 kPa. The mixtures 
were allowed to mix for 24 hr before use. Different mixtures of high-purity 
helium and argon were used as driver gases. The benzene and toluene were 
Fisher Scientific spectroscoplcal grade reagent. 

The reflected shock temperatures were calculated from standard 
conservation equations and the Ideal-gas equation of state by assuming frozen 
chemistry. All the thermodynamic data used were taken from new compilations 
(refs. 4 and 5). 
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RESULTS 


Two sets of Independent experiments were performed: one with benzene and 

the other with toluene. Five mixtures (A to E) were used for benzene but only 
three (A to D) for toluene (table I). Eighty shocks were performed for benzene 
and 54 for toluene. The mixtures were prepared so that power dependencies 
could be delineated from an empirical Ignition delay equation: 

t = 10 _x exp(+E/RT)[Fuel] a [0 2 ]b[Ar] c sec 

In each of the performed shocks the mixture composition and Initial properties 
were known. The postshock experimental properties were the reflected tempera- 
ture T 5 , the density ratio p$/p-\, and the Ignition delay time t. The 
experiments were spread over a wide temperature range for maximum sensitivity 
to the determination of the so-called activation energy. An eyeballed straight- 
line fit was drawn through the experimental points to help In visualizing the 
following explanation. 

In a log t versus 1 /T 5 graph for benzene (fig. 2) mixtures B and 
C show a fourfold difference In oxygen concentration. The distance between the 
lines Is 1.1 log t units . 

Therefore 


log t B = a 1 og ( 1 .354% [C 6 H 6 ]) + b log(5.093% [0 2 ]) + c log[Ar] 
log t C = a 1 og( 1 .354% [C 6 H 6 ]) + b log(4x5.093% [0 2 ]) + c log[Ar] 


Subtracting log t B from log tq and disregarding the small 
differences In argon concentrations we get 

A[log t (C _ B )] = b log 4 

b = A[log t(q_ B ) ]/ log 4 = -1.1/0 . 6 = -1.82 

A plot of log t versus 1 /T 5 was then made for series A and E of 
benzene to get the argon power dependence (fig. 3): 

log t a = a log(l .69% [C^]) + b log(12.675% [0 2 ]) + c log(86.635% [Ar]) 

log t e = a log(3. 28x0. 516% [C^]) + b log(3.28x3.868% [0 2 ] 

+ c log(3. 28x95. 616% [Ar]) 

Subtracting log ta from log te we get A[log t(e_a)] = 0.33. 

Therefore c 3 0.64. 

Groups A and D of benzene differed fourfold In fuel concentration (fig. 4). 
Here A[log t(a_d)] * 0.166 and a = 0.28. Groups A and B of toluene also 
differed threefold In fuel concentration (fig. 5). Thus a = 0.45. For groups 
B and D of toluene (fig. 6 ) the difference between the mixtures was threefold In 
oxygen concentration and A[log t( B _q)] = 0.72. Thus b = -1.50. In the 
same way c was found to be approximately 0.22 (fig. 7). 
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This discussion explains why the mixtures were chosen as they were and how 
the experiments were performed. Me found, however, that a statistical approach 
to the determination of a, b, and c was more appropriate and more accurate 
since It could take Into consideration such factors as p$/p-\ and differences 
In argon concentration between the gas mixtures. These factors were neglected 
In the graphical presentation In figures 2 to 7. The statistical results given 
below point out that the absence of these factors changed the results obtained 
In the graphical form. 

Seventy-eight experiments were used to make the overall benzene plot of 
log B versus I/T5 (fig. 8) for a maximum acceptable spread of 3 a. The 
correlation was found with a statistical Student's t program. 

x - 10" 14 - 9±0 ‘ 536 exp(40 600+1100/RT)[C 6 H 6 ] 0 ’ 42±0 - 2 * * 05 [0 2 ] _1 ' 74±0,06 [Ar] 0 * 45±0 ' 07 sec 

Forty-nine experiments were used to make the overall toluene plot of 
log B versus VT5 (fig. 9) for a maximum acceptable spread of 2a. 

T = 10" 14 ' 278±0,388 exp(55 090+1 250/RT) CC 7 H 8 ]°* 55±0 * 07 [O 2 3 _1 * 38 ±° - 07 [ Ar ]° * 35±0 * 08 sec 

These reduced overall Ignition delay equations are In good agreement with the 
graphical analysis presented In figures 2 to 7. The data gathered from the 
benzene and toluene experiments are shown In tables II and III, respectively. 


CONCLUDING REMARKS 

The literature contains a relatively small amount of experimental evidence 
on benzene and toluene Ignition delay shocks. The reason for the small number 
of experiments Is not clear. All four papers that describe Ignition delay 
measurements are quoted In reference 6: three experiments dealt with benzene 

(refs. 7, 8, and 10), and three with toluene (refs. 8 to 10). The range of 
experimental test conditions and the results are given In table IV. 

Only one of the Investigations has reduced the data In a form similar to 
the present study. However, any comparison would be of questionable value 
because of different locations for the pressure transducer used to detect the 
Ignition delay. It has been shown (ref. 11) that locating this transducer far 
from the end plate results In a considerable change In the detected power and 
temperature dependence. 
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TABLE I. - EXPERIMENTAL CONDITIONS FOR IGNITION DELAY TESTS 
OF BENZENE AND TOLUENE MIXTURES 


Mixture 

Molar composition, 
percent 

Test section 
pressure 
before shock, 

p l. 

torr 

_ Number of 
experiments 

Parameters 

determined 

CeHe 

°2 

Ar 



Benzene 


A 

1.69 

12.675 

85.63 

50 

22 

a,c 

B 

1,354 

5.093 

93.55 

I 

20 

b 

C 

1.354 

20.313 

78.33 

1 

13 

b 

D 

.419 

12.573 

87.01 

T 

13 

a 

E 

.516 

3.868 

95.62 

164 

12 

c 



Tol uene 



C 7 H 8 

0 2 

A r 




A 

1.495 

13.452 

85.05 

50 

12 

a,c 

B 

.497 

13.514 

85.99 

50 

15 

a,b 

C 

.497 

4.476 

95.03 

150 

14 

c 

D 

.497 

4.476 

95.03 

50 

13 

b 


TABLE II. - REFLECTED PARAMETERS AND RESULTS OF BENZENE SHOCKS 


Mixture 


Molar composition, 
percent 




Shock 

number 


Test section 
pressure 
before shock. 


Density 

ratio, 

ps/pi 


Reflected 

temperature, 

Ts. 


Ignition 

delay 

time. 


Test section 
pressure after 
reflected shock 





ORIGINAL PAGE J3 
OF POOR QUALITY 


TABLE II. - Concluded. 



TABLE III. - REFLECTED PARAMETERS AND RESULTS OF TOLUENE SHOCKS 
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Figure 6. - Log of ignition delay time versus reciprocal reflected 
temperature for toluene mixtures B and D, outlining oxygen 
power dependence. 




Figure 7. - Log of ignition delay time versus reciprocal reflected tem- 
perature for toluene mixtures A and C, outlining argon power de- 
pendence. 
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Figure 8. - Log (5 versus reciprocal reflected temperature for benzene ex 
periments with a tolerated spread of 3o. P * 1.26x10"^ exp(40 600/RT) 
(crn^) 0 ' 84 mole -0 * 84 sec. 
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